The objective was to quantify the retention of digesta and evaluate the degradation of phytate or inositol hexakisphosphate (InsP 6 ) and lower inositol phosphates (InsP 5 , InsP 4 , InsP 3 , and InsP 2 ) in the stomach at different times after feeding pigs a fermented liquid diet with microbial phytase or a nonfermented diet with or without microbial phytase. Six barrows fitted with gastric cannulas were used. The experiment was a 3 × 3 Latin square with 3 pigs fed 3 diets during 3 wk in 2 replicates. Each experimental period lasted for 7 d, comprising 3 d of adaptation and 4 d of total collection of gastric digesta. For each pig, the digesta was collected once daily at 1, 2, 3, or 5 h after feeding the morning meal. A basal wheat-and barley-based diet was steam-pelleted at 90°C. The dietary treatments were a nonfermented basal diet (NF-BD), the NF-BD with microbial phytase (750 phytase units of phytase/kg, as-fed basis; NF-BD + phytase), and the NF-BD + phytase fermented for 17.5 h (F-BD + phytase). Gastric InsP 6 -P was not detected at all in pigs fed F-BD + phytase because of complete InsP 6 degradation during fermentation of the feed before feeding. Gastric InsP 6 -P decreased over time (P < 0.05) in pigs fed NF-BD and NF-BD + phytase. The decreases were 45, 54, 56, and 61 percentage points greater at 1, 2, 3, and 5 h, respectively, in pigs fed NF-BD + phytase compared with NF-BD. However, substantial amounts of InsP 6 still passed into the small intestine in pigs fed NF-BD + phytase, especially within the first hour (estimated to 17% of InsP 6 -P intake). The accumulation of lower inositol phosphates in gastric digesta was very small for all treatments and at all times because of a rapid and almost complete degradation. In conclusion, phytase addition to the nonfermented diet increased the degradation of gastric InsP 6 . However, considerable amounts of intact InsP 6 still passed into the small intestine because of a shortage of time for InsP 6 degradation in the stomach. Therefore, to increase the apparent digestibility of plant P in dry wheat-and barley-based diets, the development of phytases that can degrade InsP 6 effectively immediately after ingestion of the feed at an initial gastric pH from 6.5 to 5.0 is needed. Feeding F-BD + phytase compensated for the shortage of time because the InsP 6 degradation was completed during fermentation before feeding. The degradation of InsP 6 to InsP 5 is the bottleneck for plant P utilization in pigs because the degradation of the lower inositol phosphates is rapid and almost complete.
45, 54, 56, and 61 percentage points greater at 1, 2, 3, and 5 h, respectively, in pigs fed NF-BD + phytase compared with NF-BD. However, substantial amounts of InsP 6 still passed into the small intestine in pigs fed NF-BD + phytase, especially within the first hour (estimated to 17% of InsP 6 -P intake). The accumulation of lower inositol phosphates in gastric digesta was very small for all treatments and at all times because of a rapid and almost complete degradation. In conclusion, phytase addition to the nonfermented diet increased the degradation of gastric InsP 6 . However, considerable amounts of intact InsP 6 still passed into the small intestine because of a shortage of time for InsP 6 degradation in the stomach. Therefore, to increase the apparent digestibility of plant P in dry wheat-and barley-based diets, the development of phytases that can degrade InsP 6 effectively immediately after ingestion of the feed at an initial gastric pH from 6.5 to 5.0 is needed. Feeding F-BD + phytase compensated for the shortage of time because the InsP 6 degradation was completed during fermentation before feeding. The degradation of InsP 6 to InsP 5 is the bottleneck for plant P utilization in pigs because the degradation of the lower inositol phosphates is rapid and almost complete.
INTRODUCTION
The major part (50 to 80%) of total P in plant feedstuffs used in pig diets is present as phytate-P or inositol hexakisphosphate-bound P (InsP 6 -P; Viveros et al., 2000) . Poor digestibility of InsP 6 -P by pigs and its environmental consequences have led to extensive research directed toward the beneficial effect of microbial phytase addition to dry feed. The effect of fermented liquid feeding has also received some attention because fermentation of diets before feeding increases the digestibility of plant P compared with dry feeding (Lyberg et al., 2006; Blaabjerg et al., 2010c) . In pigs, phosphate is primarily absorbed in the proximal part of the small intestine (Moore and Tyler, 1955; Partridge, 1978) . Thus, the degree of InsP 6 degradation in the stomach or before feeding affects the digestibility of InsP 6 -P. The beneficial effect of fermented liquid feeding is most likely attributed to the degradation of InsP 6 initiated before feeding, resulting in a greater degradation of InsP 6 before the phosphate absorption site compared with dry feeding, where the degradation of InsP 6 is initiated in the stomach. Schlemmer et al. (2001) and Pagano et al. (2007) investigated the degradation of InsP 6 in the stomach, but only at 1 fixed time after feeding. However, the degradation of InsP 6 in the stomach is most likely a time-dependent process and is thus linked to the retention time of digesta in the stomach. Therefore, the objective of this experiment was to quantify the retention of digesta and evaluate the degradation of InsP 6 and lower inositol phosphates (InsP 5 , InsP 4 , InsP 3 , and InsP 2 ) in the stomach at different times after feeding pigs a fermented liquid diet with microbial phytase or a nonfermented diet with or without microbial phytase. The presence of the lower inositol phosphates was studied to clarify whether InsP 6 degradation resulted in a simultaneous accumulation of lower inositol phosphates.
MATERIALS AND METHODS
The experimental protocol was approved by the Danish Animal Experiments Inspectorate, Ministry of Justice (Copenhagen, Denmark).
Animals, Surgical Procedures, and Housing
Six crossbred barrows (Large White × Landrace; Aarhus University, Department of Animal Science, Research Centre Foulum, Tjele, Denmark) were used. The average initial and final BW were 49 kg (range, 42 to 63 kg) and 62 kg (range, 55 to 79 kg), respectively. The pigs were subjected to surgery after being deprived of feed for 16 h. The surgical procedure was adapted from that described by Low et al. (1985) . After a laparotomy had been performed on the left flank, a purse-string suture was made in the fundic region of the stomach, an incision was made, and the gastric cannula (i.d., 29 mm) was placed and held in position by the purse-string suture. The cannula was pulled through a fistula made through the left flank until the gastric wall and peritoneum were in contact. The cannula was held in position by the outer ring, and the abdominal cavity was closed by successive suturing of the peritoneum, the muscle layer, and the skin. Details of sedation, anesthesia, and postoperative analgesia are described by Blaabjerg et al. (2010c) . The pigs were given 14 d to recover and were housed in individual smooth-walled pens (4 m 2 of floor space) with a rubber mat and no further bedding. During the first 4 d after surgery, the pigs were offered water ad libitum, fed a standard diet for growing pigs, and offered 2 × 156 g of canine and feline diet (Hill's Prescription Diet, Kruse A/S, Roskilde, Denmark) per day until they had normal feed intake. Thereafter, the pigs were feed the standard diet in 2 equal portions daily (0800 and 1430 h) until the experiment began.
Each day, the pigs were washed with soapy water and smeared with a lanolin-based zinc oxide cream to avoid skin irritation around the cannula.
The experiment was designed as a 3 × 3 Latin square, with 3 pigs fed 3 different diets during 3 consecutive weeks in 2 replicates. Each experimental period lasted for 7 d, comprising 3 d of adaptation to the diet followed by 4 d of collection of digesta. During the adaptation period, pigs were housed in the same pens as those used during the postsurgical period, and pigs were housed in stainless-steel metabolic crates during the sampling period. The pigs were moved back and forth between the pens and metabolic crates by means of a box lifter.
Diets and Feeding
One lot of a basal diet based on wheat, barley, and soybean meal was prepared (Department of Animal Science, Research Centre Foulum; Table 1 ) to meet the Danish recommendations of nutrients for pigs between 45 and 105 kg except for P. No inorganic P was supplemented. The basal diet was ground and steam-pelleted at about 90°C. The pellets were subsequently crumbled and divided into 2 portions (1/3 and 2/3) that were supplemented with 0 or 750 phytase units (FTU) of phytase (powder, Aspergillus niger, Natuphos, BASF Animal Nutrition, Ludwigshafen, Germany)/kg (as-fed basis), respectively. The portion with supplemented phytase was then divided into 2 equal portions. The dietary treatments were as follows: a nonfermented basal diet (NF-BD), the NF-BD with microbial phytase (750 FTU/kg; NF-BD + phytase), and NF-BD + phytase fermented before feeding (F-BD + phytase). The F-BD + phytase was prepared as fermented liquid feed by mixing feed and water (20°C) at a ratio of 1 to 2.75 of feed and water (wt/wt) in a closed tank kept at a room temperature of about 20°C. The mixture was stirred for 30 s every 30 min throughout the day and night. At each feeding (0800 and 1430 h), 50% of the content was removed from the tank and replaced by an equal amount of fresh feed and water. As such, the morning meal was fermented for 17.5 h (nighttime) and the afternoon meal was fermented for 6.5 h (daytime). When beginning the fermentation process, no feed was removed from the tank during the first 3 d. On d 4, the 50% replacement of feed began, and feeding of the pigs began on d 5.
To quantify the postprandial gastric degradation of InsP 6 in pigs properly, the pigs need to eat the whole meal within a short period (10 min). Preliminary tests showed that this was not possible if the pigs had no access to water. Consequently, when NF-BD and NF-BD + phytase were fed in the trough, water (10°C) was added at a ratio of 1 to 2.75 of feed and water (wt/wt). One pig was unable to ingest the meal within 10 min, even though water was added. The feed residues were removed from this pig after 10 min, and the results were corrected for feed residues. The pigs had no access to water between feedings during the sampling period. The pigs were fed approximately 2.6 times their maintenance energy requirement of each diet for 1 wk, with 2 equal portions daily (0800 and 1430 h). The daily feed intake was increased by 70 g at the beginning of each experimental period. All gastric samples were collected after feeding the morning meal.
Collection of Digesta and Sampling
In the experiment, gastric digesta was collected once daily from each pig for 4 subsequent days in a randomized order at 1, 2, 3, and 5 h after feeding the morning meal, as described by Low et al. (1985) . Digesta that flowed freely out of the stomach after opening of the cannula was collected directly in a bucket and weighed. This was termed the undiluted fraction. To rinse out the remaining digesta, a polyamide autoclave bag of 6 × 100 cm (Buch and Holm, Herlev, Denmark) was attached with a plastic zip-fastener to the cannula. The stomach was then rinsed with water (39°C) by pouring water into the stomach 1 to 3 times via the bag. The rinsing was complete when the outflow was free of particles. The outflow of water and digesta was collected, pooled, and weighed. This was termed the diluted fraction. The emptying took about 5 min; 1 representative sample was taken from the undiluted digesta (600 g) and 1 was taken from the diluted digesta (200 g), and the samples were frozen immediately. To ensure a quick chilling, the samples were frozen in trays instead of beakers to reduce the thickness and increase the surface of the samples. After sampling, the undiluted and diluted digesta were fed to the pigs. The pigs were euthanized at the end of the experiment (at 1, 2, 3, and 5 h after feeding). However, just before euthanization, the stomach contents were emptied exactly as had been done during the experiment to validate the emptying method.
Analyses
The pH of the undiluted gastric digesta was measured by a pH meter (PHM201 portable pH meter, Radiometer Analytical, Copenhagen, Denmark) immediately after collection. The DM concentration of the diets, undiluted digesta, and diluted (rinsed out with water) digesta were determined by freeze-drying under the following conditions: cold trap, −85°C; time, 72 h; final product temperature, 30°C; and pressure, 0.05 mbar. No further analysis of the diluted digesta was conducted, assuming that the nutrient composition of the diluted digesta was identical to the composition of the undiluted digesta. The diets and the samples of undiluted digesta were analyzed for concentrations of InsP 6 -P, InsP 5 -P, InsP 4 -P, InsP 3 -P, InsP 2 -P, total P, total Ca, and phytase activity. Analyses of inositol phosphates were performed by high-performance ion chromatography (Blaabjerg et al., 2010b) . Determination of P was performed by the colorimetric vanadomolybdate procedure (Stuffins, 1967) . Analyses of Ca were conducted according to the AOAC procedure (method 975.03; AOAC, 2000) with the following modifications: dry ashing was performed at 450°C for 3 h in step 1 and for 1 h in step 2. Phytase activity was determined by the method of Engelen et al. (1994) .
Once each week, pH and temperature of the fermented liquid morning meal were determined, and a sample was taken and analyzed for inositol phosphates, total P, total Ca, DM, and phytase activity as described before. In addition, concentrations of short-chain fatty acids, lactic acid, and succinic acid were measured by the method of Jensen et al. (1995) , with some modifications as described by Canibe et al. (2007) . Ethanol was determined according to the method of Beutler (1984) .
Statistical Analyses
Statistical analyses were carried out by the MIXED procedure (SAS Inst. Inc., Cary, NC). Effects were considered significant when P < 0.05. The results presented are least squares means, and whenever significant differences were detected, means were separated using the PDIFF option of SAS. The SEM of the model is given as a measure for variance. Results were analyzed by the following model: Y ijklm = µ + α i + β j + αβ ij + γ k + βγ jk + δ l + U mk + ε ijklm , where Y ijklm is the dependent variable, µ is the overall mean, α i is the fixed effect of diet (i = 1, 2, and 3), β j is the fixed effect of time (j = 0, 1, 2, 3, and 5), αβ ij is the diet × time interaction, γ k is the fixed effect of period (k = 1, 2, and 3), βγ jk is the time × period interaction, δ l is the fixed effect of block, U mk is the random effect of animal within period, assuming that U mk is N(0, σ 2 U ), and ε ijklm is N(0, σ 2 ε).
RESULTS
No problems were encountered with the surgical technique. The pigs behaved normally and remained Composed to fulfill the Danish recommendations for AA and minerals (except P) for pigs weighing 45 to 105 kg (calculated nutrient content: NE, 7.9 MJ/kg; CP, 137 g/kg; total Ca, 6.7 g/kg; and total P, 3.9 g/kg). in good health throughout the experiment. Potential problems with the cannulas, such as leaking, were not experienced.
Diets
The analyzed chemical composition and phytase activity of the diets are presented in Table 2 . Total Ca and P were similar for all diets. The values of InsP 6 -P and lower inositol phosphates were similar for NF-BD and NF-BD + phytase, and InsP 6 -P averaged about 57% of total P, whereas the lower inositol phosphates averaged about 0.001% of total P. The InsP 6 -P was not present in F-BD + phytase, and the lower inositol phosphates averaged about 0.001% of total P. The phytase activity of NF-BD was low because of the heat treatment. The phytase activity of F-BD + phytase was 13% less at feeding compared with that of NF-BD + phytase.
The pH and temperature of F-BD + phytase were 5.0 ± 0.1 and 22°C ± 1, respectively, immediately after the addition of fresh feed and water in the afternoon (1430 h) and were 4.3 ± 0.1 and 23°C ± 1 in the morning at feeding (0800 h). Furthermore, the average concentrations of lactic acid, acetic acid, succinic acid, and ethanol were 212 ± 13, 23 ± 3, 3.1 ± 1.8, and 23 ± 10 mmol/kg (as-fed basis) in the morning at feeding. Table 3 shows the collected amount of DM, pH, and phytase activity of the gastric digesta. The collected DM decreased over time (P < 0.001) but was not affected by treatment. On average, 79, 62, 49, and 26% of the DMI was collected from the stomach at 1, 2, 3, and 5 h after feeding, respectively. The hourly gastric emptying rate of DM (g/h) into the small intestine was greatest from 0 to 1 h after feeding (P < 0.001). The DM percentage of the digesta was also affected by time (P < 0.001), but not by treatment (data not shown), and averaged 9, 16, 15, and 13% at 1, 2, 3, and 5 h after feeding, respectively. Gastric pH was greater in pigs fed NF-BD and NF-BD + phytase compared with F-BD + phytase (P < 0.001) except at 5 h, and the pH decrease over time was greater in pigs fed NF-BD and NF-BD + phytase compared with F-BD + phytase (P < 0.05). Pigs fed NF-BD had a gastric phytase activity close to the detection limit (below 50 FTU of phytase/ kg of DM) at 0, 1, 2, and 3 h after feeding, but no activity was detected at 5 h. The phytase activity in the gastric digesta of pigs fed NF-BD + phytase and F-BD + phytase decreased over time (P < 0.01).
Quantity, pH, and Phytase Activity of Gastric Digesta

Nutrient Composition of Gastric Digesta
Concentrations of InsP 6 -P, lower inositol phosphates, and total P and Ca of the gastric digesta are presented in Table 4 . Gastric InsP 6 -P was not detected in pigs fed F-BD + phytase, whereas InsP 6 -P decreased over time in pigs fed NF-BD and NF-BD + phytase (P < 0.05). Gastric InsP 6 degradation was about 45, 54, 56, and 61 percentage points greater at 1, 2, 3, and 5 h after feeding, respectively, when pigs were fed NF-BD + phytase compared with NF-BD. Furthermore, the estimated passage of InsP 6 -P from the stomach to the small intestine was reduced by 5 (0 to 1 h), 8 (1 to 2 h), 7 (2 to 3 h), and 12 percentage points (3 to 5 h) when pigs were fed NF-BD + phytase compared with NF-BD (Table 5) .
In pigs fed NF-BD and NF-BD + phytase, the gastric InsP 6 degradation rate was greatest in the first hour after feeding (P < 0.001) and resulted in an increase in the lower inositol phosphates at 1 h after feeding (mea- sured in µg of P/kg of DM; P < 0.001; Table 4 ). This increase was greatest in pigs fed NF-BD (P < 0.001) and was caused by increases in InsP 5 -P, InsP 4 -P, and InsP 3 -P (P < 0.001), whereas the increase in pigs fed NF-BD + phytase was due to an increase in InsP 3 -P (P < 0.001; Figure 1 ). The estimated passage of lower inositol phosphates to the small intestine was greatest in pigs fed NF-BD, intermediate for those fed NF-BD + phytase, and least for those fed F-BD + phytase (measured in µg of P; Table 5 ).
The concentration of total P in gastric digesta did not differ at 0, 1, 2, and 3 h after feeding in pigs fed NF-BD and NF-BD + phytase, whereas the total P increased in pigs fed F-BD + phytase (P < 0.05; Table  4 ). A decline in the total P at 5 h (P < 0.05) occurred in pigs on all treatments. The concentration of total Ca did not differ over time in pigs fed NF-BD and NF-BD + phytase, but increased from 0 to 3 h after feeding F-BD + phytase (P < 0.05) and declined at 5 h (P < 0.001).
DISCUSSION
A preliminary study was performed to quantify the amount of DM remaining in the stomach from the previous afternoon meal. In this preliminary study, the stomach was emptied before the morning meal (i.e., 17 h after the previous meal). Two collections per pig per diet were conducted (i.e., 12 observations per treatment). For all treatments, the amount of remaining DM collected was very small, representing 1 to 2% of the DMI in the afternoon and corresponding well with similar studies (Miquel et al., 2001; Wang et al., 2003) . This strongly indicates that digesta collected after feeding the morning meal solely originates from this meal. Therefore, it was decided not to rinse the stomach before feeding the morning meal in the present experiment. The postmortem examination of the stomach showed that 2 to 10 g of DM, corresponding to 0.2 to 0.9% of DMI, was retained in the stomach after emptying and confirms that gastric digesta was totally collected in the present experiment. Fermentation of the feed before feeding increases the time for degradation of InsP 6 and lower inositol phosphates. In accordance with a similar study by Blaabjerg et al. (2010c) , the degradation of InsP 6 was completed and the accumulation of lower inositol phosphates was very small in F-BD + phytase before feeding (41 µg of P/kg of DM). The P concentration in F-BD + phytase at feeding was very similar to that of NF-BD and NF- (42) a-c Within a row, means without a common lowercase superscript differ (P < 0.05).
A-E Within a column, means without a common uppercase superscript differ (P < 0.05). BD + phytase, indicating that DM loss was negligible. This agrees with the report of Lyberg et al. (2006) , who found a DM loss of about 0.3% in a wheat-and barleybased diet fermented for 23.5 h at room temperature with 50% residue in the tank. The pH decline in F-BD + phytase before feeding was caused by microbial production of lactic acid and other organic acids and corresponds with the pH decline found in comparable studies Lyberg et al., 2006) . The concentrations of short-chain fatty acids, lactic acid, succinic acid, and ethanol also agree with previously reported values Canibe et al., 2007) .
Addition of microbial phytase to the basal diet resulted in a greater phytase activity than planned. This may be due to analytical uncertainties or, most likely, because the activity of the phytase product was greater than declared. The 13% reduction in the phytase activity of F-BD + phytase before feeding matches the reduction of 15% observed in a similar study by Blaabjerg et al. (2010c) . This indicates that a complete InsP 6 degradation before feeding might not be necessary because the major part of the phytase may continue to degrade InsP 6 in the stomach. It was not possible to state how much of the degradation of InsP 6 in F-BD + phytase was due to the added microbial phytase because fermentation of the diet without microbial phytase was not tested in the present study. Lyberg et al. (2006) observed a reduction in InsP 6 of 81% before feeding when a wheat-and barley-based diet was fermented (23.5 h at room temperature with 50% residue in the tank) without microbial phytase. However, the diet in the study by Lyberg et al. (2006) was not heat treated and contained 739 FTU of phytase/kg of DM, whereas the present basal diet contained only 72 FTU of phytase/kg of DM because of the heat treatment. The incomplete InsP 6 degradation (19% InsP 6 remained) in the study by Lyberg et al. (2006) may be the result of inadequate plant phytase activity of the diet or inadequate access of phytase to InsP 6 in cereals (84) a-c Within a row, means without a common lowercase superscript differ (P < 0.05).
A-E Within a column, means without a common uppercase superscript differ (P < 0.05). 1 0, 1, 2, 3, and 5 = hours after feeding. Values in parentheses indicate the concentration of nutrients in gastric digesta relative to the concentration in the diet.
2 NF-BD = nonfermented basal diet; NF-BD + phytase = NF-BD with microbial phytase [750 phytase units of phytase (Aspergillus niger, Natuphos, BASF Animal Nutrition, Ludwigshafen, Germany)/kg, as-fed basis]; F-BD + phytase = NF-BD + phytase fermented for 17.5 h at 20°C with 50% residue in the tank, 1 feed wt:2.75 water wt.
3 P-values shown on the line 0 h represent the time intervals 0, 1, 2, 3, and 5 h. 4 Concentration of nutrients in the diet at feeding. 5 ND = not detectable. 6 Total sum of InsP 5 -P through InsP 2 -P.
that were not heat treated, as suggested by Blaabjerg et al. (2010a) . Microbial phytase addition rarely results in an apparent total tract digestibility of plant P that exceeds 60 to 65% when wheat-and barley-based diets for growingfinishing pigs are fed dry and with no added inorganic P (Poulsen et al., 2007; Kim et al., 2008) . Accordingly, 35 to 40% of the plant P mainly consisting of InsP 6 is indigestible at the proximal part of the small intestine, where phosphate is primarily absorbed (Moore and Tyler, 1955; Partridge, 1978) . This corresponds with 31% of the InsP 6 -P intake that was estimated to pass intact to the small intestine from 0 to 5 h after feeding NF-BD + phytase in the present study. The hourly estimated passage of intact InsP 6 to the small intestine was greatest from 0 to 1 h after feeding (17% of the InsP 6 -P intake) in pigs fed NF-BD + phytase, showing that the potential for further InsP 6 degradation in the stomach is greatest within the very first hour after feeding. For all the treatments, the accumulation of lower inositol phosphates in gastric digesta was negligible (from 41 to 112 µg of P/kg of DM), resulting in a small passage of lower inositol phosphates to the small intestine from 0 to 5 h (estimated values from 31 to 63 µg of P). The limited accumulation of lower inositol phosphates in gastric digesta is in accordance with other studies measuring the presence of lower inositol phosphates in gastric (Schlemmer et al., 2001 ) and duodenal digesta (Rapp et al., 2001b; Kemme et al., 2006) . This indicates that the degradation of InsP 6 to InsP 5 is the "bottleneck," because once the InsP 6 degradation is initiated, the degradation of the lower inositol phosphates is rapid and almost complete.
The gastric InsP 6 degradation rate (g/h) was greatest in the first hour after feeding NF-BD and NF-BD + phytase. This corresponds with in vitro results showing that one part of InsP 6 in cereals and oilseeds is readily degraded, whereas the remaining part requires more time despite high phytase activities (Blaabjerg et al., 2010a) . This may be the result of several factors. As suggested by Newkirk and Classen (1998) , the less degradable part of InsP 6 may consist of mineral-InsP 6 or protein-InsP 6 complexes, or both, that may be rather resistant to hydrolysis, or InsP 6 may be encapsulated in the cell wall matrix, which may hinder access by the phytase. Furthermore, the phytase activity in gastric digesta was greatest within the first hour after feeding where the gastric pH was closest to the pH optima of 5 to 5.5 of A. niger phytase (Igbasan et al., 2000) . Finally, the velocity of an enzyme-catalyzed reaction generally decreases when the substrate concentration is reduced (Stryer, 1995) , and the production of lower inositol Table 5 . Estimated passage of InsP 6 -P and lower inositol phosphate P from the stomach to the small intestine from 0 to 1 h, 1 to 2 h, 2 to 3 h, and 3 to 5 h after feeding 0, 0 to 1, 1 to 2, 2 to 3, 3 to 5, and 0 to 5 = hours after feeding. Values in parentheses indicate passage of InsP 6 -P from the stomach to the small intestine relative to the InsP 6 -P intake. 3 It was assumed that the collected gastric DM contained the same InsP 6 -P concentration as the DM that passed to the small intestine and that no DM and InsP 6 -P disappeared because of absorption in the stomach (Kemme et al., 1998 (Kemme et al., , 2006 Rapp et al., 2001a) . The passage of InsP 6 -P to the intestine was calculated as follows: the difference between DM collected (Table 3 ) at 0 and 1 h, 1 and 2 h, 2 and 3 h, and 3 and 5 h after feeding was multiplied by the average concentration of InsP 6 -P at 0 and 1 h, 1 and 2 h, 2 and 3 h, and 3 and 5 h (Table 4) 4 Intake of InsP 6 -P at the morning feeding. 5 ND = not detectable. 6 The estimates for the passage of lower inositol phosphate P were calculated in the same way as for InsP 6 -P and on the same assumptions.
phosphates and free phosphate may inhibit the phytase activity (Greiner et al., 2001; Konietzny and Greiner, 2002) . However, the in vitro study by Blaabjerg et al. (2010a) also showed that soaking of heat-treated wheat or soybean meal with microbial phytase for 2 h reduced the InsP 6 content to a much greater degree in soybean meal compared with heat-treated wheat (60 vs. 10%). Thus, we speculate that the greater gastric InsP 6 degradation rate (g/h) within the first hour after feeding NF-BD + phytase in the present study may be due to the degradation of InsP 6 primarily originating from the soybean meal in the diet, whereas the more slowly degradable part of the InsP 6 may originate primarily from the wheat and barley.
In agreement with the present results, Canibe and Jensen (2003) and van Winsen et al. (2001) observed a higher pH of gastric digesta 3 h after feeding a dry diet, compared with a fermented liquid diet. On the other hand, no such differences were observed by Canibe et al. (2007) and Højberg et al. (2003) 3 h after feeding. The much greater gastric pH decline observed in pigs fed NF-BD and NF-BD + phytase compared with F-BD + phytase was probably due to the higher pH of the nonfermented diets at ingestion, which may stimulate gastric secretion of acid to a greater extent. The development of new phytases has, to a large extent, focused on the invention of phytases with pH optima of about 3.5 or lower (Kim et al., 2006; Zhang et al., 2010) . However, according to the present study, this may not seem appropriate because more than one-half of the DMI leaves the stomach before the gastric pH declines to such low values. The phytase activity in the gastric digesta of pigs fed NF-BD + phytase and F-BD + phytase was reduced by only 3 to 18%, 12 to 33%, 28 to 37%, and 58 to 70% at 1, 2, 3, and 5 h after feeding, indicating that most of the dietary phytase was active when the major part of the DMI was still retained in the stomach. The greater survival of the dietary phytase activity in the gastric digesta of pigs fed NF-BD + phytase and F-BD + phytase compared with the results of Yi and Kornegay (1996) and Pagano et al. (2007) may be due to differences in phytase products, coating of the enzymes, and differences in the time of sampling after feeding. Thus, the incomplete degradation of InsP 6 in the stomach of pigs fed NF-BD + phytase was most likely caused by poor effectiveness of the added phytase, probably because of heavy coating, poor access to InsP 6 , or InsP 6 complexes rather than poor survival.
It is interesting that Kim et al. (2006) showed that shifting the pH optima of the wild-type A. niger PhyA from 5.5 to 4.0 (mutant E228K) increased the average daily BW gain and the plasma inorganic-P concentration in weanling pigs fed a corn and soybean meal basal diet supplemented with E228K compared with the wild type. Pigs fed the E228K also had decreased plasma alkaline phosphatase activities compared with those fed the wild type, indicating less bone resorption (Kim et al., 2006) . Kim et al. (2006) claimed that the positive effects of E228K were due to the low pH optima. However, a much faster degradation of InsP 6 (40 vs. 120 min) was observed when sodium phytate was incubated with E228K compared with the wild type at pH 3.5. Even though the faster degradation was measured at pH 3.5, it is possible that E228K also shows a faster degradation at higher pH values because the enzyme released 53% more inorganic P from soybean meal at pH 5.5 compared with the wild type (Kim et al., 2006) . The present results show that increasing the speed of the degradation of InsP 6 in the stomach is most likely the key to improving the apparent digestibility of plant P in pigs fed nonfermented feeds. Therefore, we speculate that the positive effects of E228K in the study by Kim et al. (2006) were the result of a faster InsP 6 degradation in the stomach regardless of pH.
In conclusion, although addition of microbial phytase to the nonfermented diet increased the degradation of InsP 6 in the stomach compared with that in pigs fed the nonfermented diet without phytase, it was estimated that considerable amounts of intact InsP 6 still passed on to the small intestine. This passage was greatest within the first hour after feeding (estimated to be 17% of InsP 6 -P intake for NF-BD + phytase) and shows that the time for InsP 6 degradation in the stomach is very short for a substantial part of the InsP 6 intake. Thus, to increase the apparent digestibility of plant P above 60 to 65% in dry-fed wheat-and barley-based diets without inorganic P, there seems to be a need for developing phytases that can degrade InsP 6 effectively immediately after ingestion of the feed at an initial gastric pH from 6.5 to 5.0. On the other hand, feeding the fermented diet with microbial phytase clearly compensated for the shortage of time in the stomach because InsP 6 degradation was completed during the fermentation of the feed before feeding. The accumulation of lower inositol phosphates in the gastric digesta of nonfermented and liquid-fed pigs was very limited and thus is unimportant for maximization of the release of inositol-bound P. The initial step in the degradation of InsP 6 to InsP 5 is, without doubt, the barrier for plant P utilization in pigs, and maximization of this step in the stomach or before feeding has to be addressed in further studies.
